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Abstract: The surface planarity and asperity removal behavior on atomic scale in an ultrathin water environment
were studied for a nanoscale process by molecular dynamics simulation. Monolayer atomic removal is achieved
under both noncontact and monoatomic layer contact conditions with different water film thicknesses. The newly
formed surface is relatively smooth without deformed layers, and no plastic defects are present in the subsurface.
The nanoscale processing is governed by the interatomic adhering action during which the water film transmits
the loading forces to the Cu surface and thereby results in the migration and removal of the surface atoms. When
the scratching depth ≥ 0.5 nm, the abrasive particle squeezes out the water film from the scratching region and
scratches the Cu surface directly. This leads to the formation of trenches and ridges, accumulation of chips
ahead of the particles, and generation of dislocations within the Cu substrate. This process is mainly governed
by the plowing action, leading to the deterioration of the surface quality. This study makes the “0 nm planarity,
0 residual defects, and 0 polishing pressure” in a nanoscale process more achievable and is helpful in understanding
the nanoscale removal of materials for developing an ultra-precision manufacture technology.
Keywords: surface removal; monoatomic adhesion; copper thin film; ultrathin water film

1

Introduction

With the rapid development of ultra-precision
manufacture technology (UMT) and miniaturized
components, chemical mechanical polishing (CMP)
technology has been widely applied in the semiconductor industry. Owing to the shrinkage of ultralarge-scale integrated circuits, new challenges for CMP
have emerged recently, one of which is the small
root-mean-square roughness (of the order of subnanometer) [1−4]. The initial requirement of reducing
the step-height differences to about 50 nm was first
changed to 30 nm, then to 10 nm, and finally to a 0 nm
difference [5, 6]. Furthermore, a three-“zero” target,
namely, “0 nm planarity, 0 defects, and 0 polishing
load”, is even proposed and desired to be reached by
the year 2020 [5]. With this order of size, the removal

of the polishing material within a few and even only
one atomic layer of the film or coating surface is still
challenging. In this case, as the polishing process occurs
in the local area adjacent to the abrasive particles or
cutting tool, the wear mechanism must differentiate
it from the macroscopic world. Therefore, it is essential
to completely understand the physical/chemical
mechanisms of the wear underlying the CMP process
and develop novel polishing approaches at the nanometer scale.
It is known that in a CMP process, one of the
functional conditions is completely removing any excess
surface and coating asperities while simultaneously
controlling the dishing, erosion, and surface defects
to be minimal [3]. In this case, a slurry including the
abrasive particles and a chemical mixture is used to
make the process efficient. Thus, the simultaneous
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occurrence of mechanical wear by abrasive particles
and chemical corrosion by the slurry solution make
the CMP a comprehensive process with a chemical
and mechanical synergy [7].
Regardless of the chemical erosion or reaction, the
mechanical wear is affected by many variables in a
typical polishing process such as process parameters
including pressure, indentation depth, and velocity
and other important parameters including the wafer
nature, abrasive size, and abrasive geometry [1, 3, 8−11].
In addition, the slurry is another factor that has a
significant effect on the polishing environment and
makes the polishing process more complex [12−14].
As one of the simple but key components of a slurry,
water not only carries the other components but also
acts as an efficient lubricant, which affects the friction
and wear behavior of the polished surface, material
removal rate, and quality of the polished surface [15].
By studying the nanoscale friction and wear properties
of silicon wafer, Chen et al. found that the wear
rate and friction coefficient in water lubrication were
lower and smaller, respectively, than those under dry
friction conditions, and the wear mechanism of water
lubrication was considered to be a molecule-scale
removal process [16]. Although the study was focused
on the synthetic function of the chemical and mechanical
actions, its results can assist in this research to
understand the friction and wear behavior of the waterlubricated surface. Ren et al. simulated an atomic force
microscope (AFM)-based nanoscratching process with
a water-layer lubrication by molecular dynamics (MD),
and the results indicated that the water layer had a
positive impact on the surface quality and a significant
effect on the scratching forces (normal forces and
tangential forces) [17]. We have investigated the effect
of the water film thickness on the nanoscratch behavior
in our previous work, and the results indicated that
the removal efficiency of the surface atoms decreased
with the water film thickness at a large scratching
depth [18]. However, research on the mechanism of
the effect of water on the polishing behaviors is still
very limited. For instance, it is unclear whether the
surface or coating asperities will be efficiently removed
with minimized damage to the polished surface quality
under a noncontact condition, as reported by Su [13].
Moreover, the interaction of water with the abrasive
particle and polished material is still ambiguous,

particularly for a polishing depth within a few and
even only one atomic layer from the surface.
Therefore, to investigate the effects of the contact
condition between the abrasive particle and surface
atoms on the nanoscale process, we conducted a largescale three-dimensional MD simulation by sliding a
diamond particle over a copper (Cu) thin film with
lubrication of an ultrathin water film. Because the
material deformation, corrosive removal mechanism,
surface defects, and scratching forces in the scratching
process on the subnanometer scale should be different
from those at a larger scale [4], various scratching
depths less than or equal to 1 nm were adopted along
with various thicknesses of the water film. The atomic
removal process and structure of the newly formed
surface were discussed under different conditions, and
the mechanism of the nanoscale process was analyzed
based on the atomic wear or removal behavior. Compared with the previous work [18], this work was
focused on the removal process and mechanism of
surface atoms to obtain a high-quality planarization
at the nanoscale. This was expected to be helpful in
revealing the role of water in the polishing process
and understanding the friction and wear properties
of the polished material.

2 Simulation methodology
It is known that it is difficult to consider the global
planarization of the CMP process, which includes the
complex chemical reactions and mechanical interactions
between the abrasive particle, substrate, and chemistries,
owing to the limitation of the potential functions and
computational ability. Hence, a simplified model was
proposed for the atomic-scale surface removal. The
surface removal mechanism of nanometer Cu thin film
under an ultrathin water environment was explored
via MD simulation with LAMMPS. The single-circle
polishing was represented by the nanoscratching
process. The atomistic model of the simulation system
is same as that in a previous investigation [18], as
shown in Fig. S1 (in the Electronic Supplementary
Material (ESM)), containing a diamond particle, water
film, and monocrystalline Cu thin film. The initial
distance between the spherical diamond abrasive
particle and surface of water film is 2.0 nm longer than
the cutoff distance. Because the abrasive particles in a
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nanoscale process are usually much harder than the
machined Cu materials, the abrasive is regarded as a
rigid body [19]. Herein, the ultrathin water film is used
to reflect the low humidity or the adsorbed water
molecules on the processed surface, which mimic a
low water-lubricated environment. The Cu thin film
is chosen as the polished material because it is the
prior choice for the interconnection in the integrated
circuit owing to its highly favorable electrical and
electromigration resistance characteristics; however,
its surface polish or process is very difficult [3]. The
Cu thin film is in a perfect FCC (face-centered cubic)
crystalline structure, and its dimensions along different
crystal orientations are listed in Table 1. As displayed
in Fig. S1 (in the ESM), several atomic layers at the
bottom of the thin film are set to the boundary zone
to eliminate the boundary effects, and the thermostat
layer is set to imitate the heat dissipation. The motion
of the atoms in the two upper zones obeys the classical
Newton’s second law and is integrated by the velocityverlet algorithm. Lateral periodic boundary conditions
are adopted for the simulated system. Other details
of the model of the MD simulations are presented in
Table S1 (in the ESM).
The atomic interaction is one of the key factors
influencing the reliability of the simulation results. The
interactive forces between the Cu atoms are derived
from the embedded atom method (EAM) potential,
which has been proved to be an accurate potential for
describing metallic cohesion and avoiding ambiguity
[20]. The Morse potential [21] is used to depict the
Cu–C interaction, and the corresponding parameters
are listed in Table S1 (in the ESM), which have been
validated by research [22, 23]. The C–C interaction is
not calculated based on the treatment of a rigid body.

The rigid TIP4P interaction model [24, 25] is used for
the condensed water film. The Cu–O and C–O interactions are defined by the Lennard–Jones potential,
and the Lorentz–Berthelot mixing rules [17, 26] are
used to generate the relevant parameters as listed in
Table S1 (in the ESM). In addition, the interactions of
the H atoms in the water molecules with other types
of atoms are also not considered because they are
intra-molecular long-ranged electrostatics and have
a very weak impact on the results [17].
The MD simulations in this work include three steps.
The first step is the relaxation of the initial system for
50 ps to minimize the system energy by using NVT
(canonical ensemble) ensemble and the Nose–Hoover
thermostat. The second step is the nanoindentation
process, during which a constant velocity of 10 ms−1
is used to pressure the nanoparticles in the Cu substrate. Finally, the abrasive particle scratches the Cu
surface at a constant indentation depth and moving
velocity of 10 ms−1 with NVE (microcanonical ensemble)
ensemble. In the second step, the nanoindentation
process is stopped when the shortest distance between
the Cu surface and outer atoms of the abrasive particle
reaches a preset depth, which is maintained by controlling the position of the center of the mass of the
abrasive particle in the nanoscratching process. This
models the mechanical abrasion and planarization of
the monocrystalline Cu surface, as may be the case
in the nanoscale process. The Langevin thermostat in
NVE ensemble is used to control the temperature of
300 K for the thermostat layer and water film. Various
water film thicknesses (0 nm, 0.3 nm, 0.5 nm, and
1.0 nm) and scratching depths (−0.2 nm, 0.1 nm, 0.5 nm,
and 1.0 nm) are used to reveal the effect of the water
film thickness on the atomic removal behavior, as

Table 1 Average interaction forces along the scratching direction.
Water film thickness
(nm)
0.3

0.5
1.0

Scratch depth
(nm)

Water–Cu interaction
(nN)

Water–particle
interaction (nN)

Particle–Cu interaction
(nN)

–0.2

7.70

9.24

1.23

0.1

10.41

11.26

21.96

0.5

4.48

5.40

86.94

–0.2

17.29

16.17

0.73

0.1

16.28

17.80

20.12

0.5

7.02

6.52

90.08

–0.2

41.52

46.08

0.18
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presented in Table S1 (in the ESM). The dislocation
extraction algorithm [27, 28] and Ovito [29] software
are used to identify the dislocation defects and visualize
the simulation results, respectively.

3

Results and discussions

It has been approved by increasingly more researchers
that the scratching depth during CMP can be of the
order of subnanometer. For example, the indentation
depth of a particle with a diameter of 50 nm analyzed
by Luo and Dornfeld [1, 30] was approximately
0.07 nm in the CMP process. At the scratching depth
of subnanometer, the polishing behaviors should
be different from those at relatively larger depths [4].
Thus, to reveal the physical essence underlying
the CMP process, we adopted four scratching depths
of −0.2 nm, 0.1 nm, 0.5 nm, and 1.0 nm to study the
interactions between the particle, water film, and Cu
thin film. Here, the scratching depth is defined as the
distance that the surface atoms of the particle penetrate
in the Cu surface. The negative value −0.2 nm indicates
that the particle does not penetrate the Cu substrate,
implying that there exists a noncontact between the
particle and polished surface, whereas the value of
0.1 corresponds to a monoatomic layer contact.
Here, to describe the surface removal process clearly,
the removed atoms are defined as the ones that are
removed from their original positions and finally
moved to the top of the original surface, and their
location is higher than threshold height h = 0.18 nm
(about half of the lattice of monocrystalline Cu)
according to the Refs. [11, 18]. In comparison, the atoms
are defined as deformed atoms when their original
positions are changed but the final location is not
higher than the threshold height h.
Figure 1 shows the worn morphology of the crosssectional views of the xz plane and plane views of the
xy plane, where the surface atoms in yellow color are
only displayed and the water film of 1.0 nm thickness
is omitted. Figure S2 (in the ESM) shows a slice configuration with 0.5 nm thickness in the xz plane. In
Fig. 1(a), it can be seen that in the scratching region,
some initial surface atoms are removed and lifted
above the Cu surface after the particle passes by. Hence,
a new surface layer (that originally existed beneath

Fig. 1 Snapshots of the worn morphology of the cross-sectional
views of the xz plane and plane views of the xy plane with the
omission of the water film of 1.0 nm thickness, under various
scratching depths (h): (a) −0.2 nm; (b) 0.1 nm; (c) 0.5 nm; and
(d) 1.0 nm, at a scratching distance of 9 nm. Color code: yellow−
surface Cu atoms; green−other Cu atoms; red−abrasive particle.
The water film is omitted for clarity.

these removed surface atoms and in which all the new
surface atoms are firstly exposed) appears on the initial
subsurface of the Cu thin film. Figure S2(a) indicates
that many surface atoms are removed or deformed
from their original positions, leading to the formation
of vacancies on the surface, as shown from the plane
views. Therefore, it is considered that one monoatomic
layer is removed from the initially perfect Cu substrate
at the scratching depth of −0.2 nm. This manner
of monolayer material removal also occurs at the
scratching depth of 0.1 nm, as shown in Figs. 1(b) and
S2(b) (in the ESM). The newly formed surface is
not very flat in the local scratching region under the
monoatomic layer contact condition. However, the
step-height difference in the entire scratching region
is relatively close to uniformization within one
monoatomic layer, as shown in the cross-sectional
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views in Figs. 1(a) and 1(b). This suggests that the
polishing quality of the Cu surface is very close to the
target of “0 nm planarity” under the noncontact or
monoatomic surface contact condition. The removed
Cu atoms are in a monoatomic form or a cluster formed
by a few atoms, as shown in the inset, which is consistent with the removal of silicon atoms with an
indentation depth of 0.1 nm as reported in Ref. [4]. In
the real CMP process, the slurry and water continuously
flow owing to the pad rotation, so that the removed
material in the aforementioned form is taken away
rapidly [31].
Figures 1(c) and 1(d) show the worn morphology
with a scratching depth up to 0.5 nm and 1.0 nm. It is
clear that owing to the increase in the scratching depth,
the abrasive particle contacts more Cu atoms and
thereby results in a larger vacancy zone. Moreover,
practically all of the surface Cu atoms in contact with
the particle are removed and deformed during the
scratching process (as displayed in Figs. S2(c) and S2(d)
(in the ESM)). As the particle moves forward, numerous
deformed and removed atoms accumulate to form
clusters or chips ahead of the particle. Concurrently,
remarkable ridges (i.e., pile-up of atoms) along both
the left and right sides of the particle are produced,
particularly at the scratching depth of 1.0 nm, as shown
in Fig. S3 (in the ESM). After the particle passes by, a
groove is formed. These results are in well agreement
with the dry nanoscratching process as shown in
Fig. S2(c) (in the ESM) as well as the AFM-based
nanoscratching process with water-layer lubrication
[17]. Based on the distribution of the surface Cu atoms
shown in yellow color in the cross-sectional views, the
bottom of the groove exhibits obvious atomic steps
and the ridge is non-uniform in height. In addition,
although the removal rate of the surface atoms increases
obviously with the scratching depth increasing to
0.5 nm and 1.0 nm, the height difference between the
groove and ridge is dramatically increased, indicating
that a deep scratching depth damages the surface
quality. This is in contrast with the case of a small
scratching depth of −0.2 nm and 0.1 nm, where only a
monoatomic layer is removed and no obvious groove
and ridge are formed, as shown in Figs. 1(a) and 1(b),
and Figs. S2(a) and S2(b) (in the ESM).
To evaluate the effect of the water film thickness
on the removal process and surface quality, we also

conducted MD simulations of the nanoscratching
process under a water film thickness of 0.3 nm and
0.5 nm, approximately corresponding to a monolayer
and bilayer water film, as well as dry nanoscratching.
The snapshots of the worn morphology are displayed
in Figs. 2, S4, and S5 (in the ESM). Figures 2 and S4
(in the ESM) indicate that a one-atom-thin layer is
removed after scratching with different scratching
depths and water film thicknesses, which is almost the
same with the simulated results under a water film
thickness of 1.0 nm in Figs. 1(a) and 1(b). For the dry
nanoscratching presented in Fig. S5 (in the ESM), the
monoatomic layer removal only occurs at a scratching
depth of 0.1 nm, whereas the Cu surface still maintains
its perfect lattice structure at a scratching depth of
−0.2 nm owing to the weak interaction between the
particle and Cu substrate. Comparing the plane views
in Figs. 1(a) and 1(b), 2, and S5(b) (in the ESM), it can

Fig. 2 Snapshots of the worn morphology of the cross-sectional
views of the xz plane and plane views of the xy plane with omission
of the water film, under various water film thicknesses (H) and
scratching depths (h), H = 0.5 nm: (a) h = –0.2 nm, (b) h = 0.1 nm;
H = 0.3 nm: (c) h = –0.2 nm, (d) h = 0.1 nm. The water film is
omitted for clarity.
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be seen that the surface vacancy formed by the atomic
removal and deformation in the scratching region
becomes more obvious as the water film thickness
decreases from 1.0 nm to 0 nm. This indicates that the
number of removed atoms in the central region of the
scratching increases with the decrease in the water
film thickness. However, on contrast, the area of the
scratching region slightly decreases with the decrease
in the water film thickness at the same scratching
depth.
Furthermore, to reveal the mechanism of the material
removal, the worn configurations with the presence
of the water film and local interaction zones were
extracted and are shown in Fig. 3. The number of
water molecules remaining in the scratching region
is calculated in Fig. 4. According to Fig. 3, the water
molecules are adsorbed on the Cu surface in an ordered,
layered, crystalline, or commensurate structure, similar
to other studies that mainly focused on water adsorption
on a metal surface [32−36]. We can also find that a
small number of water molecules are accumulating in
front of the particle when the scratching depth is −0.2
nm and 0.1 nm, whereas the number of accumulated
water molecules increases considerably with a scratching
depth of up to 0.5 nm and 1.0 nm. In contrast, the
number of water molecules remaining in the scratching
region decreases dramatically with the increasing
scratching depth, as displayed in the plane views
in Figs. 3 and 4. In particular, the number of water
molecules under the noncontact condition is about
quadruple that at the scratching depth of 0.1 nm;
however, no major difference in the wear of the Cu thin
film is observed as mentioned above. This indicates
that these water molecules remaining in the scratching
region play a predominant role at a shallower scratching
depth during the monoatomic layer removal.
For the scratching process under a noncontact condition (the scratching depth of −0.2 nm) with a water
film thickness of 1.0 nm, the cross-sectional view in
Fig. 3(a) shows that the space between the particle
and Cu surface is occupied by numerous remaining
water molecules. The average interaction forces listed
in Table 1 manifest that the interactive force of the
particle-Cu film (0.18 nN) is much less than the
interactive forces of both water–Cu (41.52 nN) and
water–particle (46.08 nN). These results indicate that
the monoatomic layer removal should be ascribed to

Fig. 3 Snapshots of the worn configuration of the cross-sectional
views of the xz plane and plane views of the xy plane under various
scratching depths (h): (a) –0.2 nm, (b) 0.1 nm, (c) 0.5 nm, and (d)
1.0 nm, at a scratching distance of 9 nm, with water film thickness
of 1.0 nm. The blue represents the oxygen atoms in the water
molecules.

Fig. 4 Number of water molecules within the groove region at
various scratching depths and water film thicknesses.

the water–Cu interactive force. Figure 5 displays the
atomic removal process at a scratching depth of −0.2
nm and water film thickness of 1.0 nm at different
simulation times, where the three oxygen atoms and
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Fig. 5 Snapshots of the atomic removal process within a 5 nm
slice of the scratching central region, at different simulated times:
(a) 5 ps, (b) 15 ps, (c) 35 ps, and (d) 100 ps, with a scratching depth
of –0.2 nm and water film thickness of 1.0 nm. Color code: red,
oxygen atoms in water molecule; gray, abrasive particle; dark
yellow, Cu atoms. To describe the atomic removal process in detail,
three oxygen atoms are marked with purple, green, and light
blue colors, and four Cu atoms are marked with blue, dark green,
antique bronze, and Bangladesh green colors.

the removed atoms and area of the scratching region,
as displayed in Fig. 1(b). Moreover, the monocrystalline
Cu substrate is divided into several zones marked
with different colors and numbers 1–6 before the
nanoscratching process depicted in Fig. 6. It can be
seen from circle A in Fig. 6(b) that some dispersive Cu
atoms or small atom clusters are shifted from their
original positions in zone 2 and zone 5 and then appear
in zone 3 and zone 6, but no chips or debris formation
are observed. Fewer atoms shift at a scratching depth
of −0.2 nm in Fig. 6(a). It is worth to note that the water
molecules confined between the particle and Cu surface
could be solidified under pressure and then come
into rigid adhesive contact with the Cu atoms, in well
agreement with other reports in Refs. [17, 37, 38]. These
results provide more evidence manifesting that the
surface atoms are removed by the adhering action
(Fig. 5) under the noncontact and monoatomic layer
contact conditions during the CMP process.

Cu atoms around the blue Cu atom are marked with
other colors. The Cu surface beneath the particle shows
a slight deformation because the water molecules
under the particle can transmit the force from the
loading of the particle to the Cu surface. From 5 ps to
15 ps and then to 35 ps, the blue Cu atom is gradually
pushed or attracted by the water molecules (oxygen
atoms marked in purple and light blue). Once the
water–Cu interactive force is larger than the force
that is sufficient to break the metallic bond of Cu, the
Cu atoms are removed from their initial positions and
even adhere to the particle. For instance, the position
of the blue Cu atoms is higher than that in the original
Cu surface at 100 ps, as shown in Fig. 5(d). This type
of removal behavior continuously occurs in the nanoscratching process. In this process, the adhesion and
removal of the surface atoms only cause the surface
structure to change, resulting in a surface roughness
on the order of atomic size magnitude, which is
consistent with the research results in Refs. [1, 4, 30].
A similar removal behavior of the surface atoms also
occurs in the scratching process with a scratching
depth of 0.1 nm. Concurrently, the adhering action
of the Cu atoms to the particle increases obviously,
which is validated by the interactive force of the
particle–Cu (18.44 nN), thus leading to an increase in

Fig. 6 Snapshots of the worn configuration of the top views of
the scratching surface for various scratching depths (h): (a) –0.2 nm,
(b) 0.1 nm, (c) 0.5 nm, (d) 1.0 nm, at a scratching distance of
9 nm, with a water film thickness of 1.0 nm. The black line marks
the scratching contour. To display the atomic shift and removal,
the surface is separated into several zones marked by different
colors, and the atomic removal and shift occur in 6 zones marked
by numbers 1–6. The water film is omitted for clarity. The purple
ellipse marked with A, B, and C in (a), (b), and (c) is used to
mark the regions where the surface atoms are shifted and removed
severely.

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction

Friction 8(2): 323–334 (2020)

330
As the scratching depth increases to 0.5 nm and
1.0 nm, most of the water molecules under the particle
are squeezed out from the scratching region (as proved
by the number of water molecules in Fig. 4), and the
particle contacts the Cu surface directly, as displayed
in Figs. 3(c) and 3(d). The interactive water–Cu and
water–particle forces decrease rapidly, whereas the
particle-Cu forces increase dramatically (in Table 1).
Particularly, at a scratching depth of 1.0 nm, the
interactive particle–Cu force (147.98 nN) becomes
much larger than the other two forces (4.24 and
13.12 nN) but remains very close to the interactive
particle–Cu force (158 nN) for dry nanoscratching.
This suggests that the direct interaction between the
abrasive particle and Cu thin film predominantly
governs the material removal. This is in contrast to
that occurring at a scratching depth of less than
or equal to 0.1 nm. During the moving forward of the
particle, one amorphous layer is formed, the deformation zone in the Cu film increases, and several
chips or debris are generated in front of the particle,
as shown in Figs. 6(c) and 6(d). Concurrently, a fraction
of the Cu atoms is shifted from its original positions
in zone 2 and zone 5 and appears underneath the
particle in zone 3 and zone 6, as enclosed in circle C
in Fig. 6(d). All these chips, amorphous layers, grooves,
and ridges are actually caused by the abrasive particle
continuously plowing or cutting the Cu surface.
Therefore, it is thought that the surface atoms are
mainly removed by the ploughing action at a deep
scratching depth. The ploughing leads to the structural
changes of the Cu thin film that is not only near the
surface but also in the deep region. The surface quality
deteriorates with larger surface roughness, as shown
in Figs. 1(c) and 1(d), and Figs. 3(c) and 3(d).
Figure 7 presents the nanoscratching results with
monolayer and bilayer water films. It is clear that the
distribution of the water molecules around the particle
at both the scratching depths (−0.2 nm and 0.1 nm) is
similar to that under the water film thickness of 1.0 nm
(in Figs. 3(a) and 3(b)). In comparison, the number of
water molecules remaining in the scratching region
decreases further with the decrease in the water film
thickness from 1.0 nm to 0.3 nm, as validated by the
number in Fig. 4. The insets in Figs. 7(a) and 7(c) show
that some of the water molecules still remain beneath
the particle and more water molecules exist in the

space ahead of the particle. All those water molecules
play an important role in facilitating the removal of
the monoatomic layer. Contrarily, with the scratching
depth increasing to 0.1 nm in Figs. 7(b) and 7 (d), there
are only a small number of water molecules remaining
beneath the particle, and thus, the particle starts to
contact the surface Cu atoms, similar to the dry nanoscratching in Fig. S5(b) (in the ESM). The average
interaction forces listed in Table 1 indicate that the
water–Cu and water–particle interactive forces decrease,
whereas the particle–Cu interactive forces increase
slightly with the water film thickness decreasing to
0.5 nm and 0.3 nm. For example, at a scratching depth
of 0.1 nm, as the water film thickness decreases from
1.0 nm to 0.5 nm and then to 0.3 nm, the interactive
water–Cu force decreases from 39.44 nN to 16.28 nN
and then to 10.41 nN; however, the interactive particleCu forces are 18.44 nN, 20.12 nN, and 21.96 nN,
respectively. Clearly, the interactive particle–Cu force

Fig. 7 Snapshots of the worn configuration of the cross-sectional
views of the xz plane and plane views of the xy plane under
various water film thicknesses (H) and scratching depths (h), H =
0.5 nm: (a) h = –0.2 nm, (b) h = 0.1 nm; H = 0.3 nm: (a) h = –0.2 nm,
(b) h = 0.1 nm.
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deformation in the Cu thin film. It can be seen that at a
scratching depth of −0.2 nm and 0.1 nm, no dislocations
are activated in the scratching process at different
water film thicknesses. These results are consistent
with the experimental results in Refs. [4, 5], which
indicated that a well-ordered crystalline surface could
be clearly seen in the CMP generated subsurface and
no damaged layers were found. However, the increase
in the scratching depth induced the nucleation and
propagation of the dislocations, for instance, the
dislocation length increases dramatically from 28.57 nm
to 108.01 nm as the scratching depth increases from
0.5 nm to 1.0 nm. In addition, because the thickening
of the water film decreases the interaction force between
the rigid particle and Cu surface (Table 1), leading to
a decrease in the stress acting on the Cu thin film, the
dislocation length decreases as listed in Table 2.

becomes comparable with and even larger than twice
the interactive water-Cu force for the water film
thickness of 0.5 nm and 0.3 nm, respectively. These
results indicate that the contribution of the water film
to the removal of the monoatomic layer decreases,
whereas the adhering action of the Cu atoms to the
abrasive particle increases for thinner water films.
In addition, in the cases when both the water film
thickness and scratching depth are very small (H =
0.5 nm or 0.3 nm and h = −0.2 nm and 0.1 nm), the
interaction forces for both water–Cu and particle–Cu
are relatively small (in Table 1), even smaller than the
metallic bond strength of Cu. Therefore, it seems very
difficult to remove the Cu atoms from their original
positions. However, it should be noted that the removal
is a continuous process, namely, one Cu atom is
scratched by different water molecules and the C
atoms in the particle is used many times during the
scratching process, as shown in Fig. 5. Therefore,
the surface Cu atoms can be removed individually
under the conditions of a thin water film and shallow
scratching depth.
As is well known, a major requirement for the CMP
process is the minimal dishing and erosion, as well as
minimal levels of the surface defects [3]. Furthermore,
approaching and even achieving the three-“zero”
target of “0 nm planarity, 0 defects, and 0 polishing
load”are the desired goals for the CMP technology [5].
Hence, it is important to evaluate the surface defect
of a Cu thin film. All the aforementioned results
indicate that monolayer removal can be achieved under
noncontact and monoatomic layer contact conditions
at different water film thicknesses. The surface quality
becomes better under thicker water films. With the
scratching depth increasing to 0.5 nm and 1.0 nm, an
obvious groove with ridges along both sides is formed,
and chips or debris are produced and accumulated in
front of the particle. They increase the surface roughness
and thereby lead to a deterioration of the surface
quality. Moreover, the dislocation length is extracted
and presented in Table 2 to evaluate the plastic

4

Conclusions

In this work, MD simulation is employed to investigate
the effect of the scratching depth on the atomic-scale
removal behavior of a Cu thin film under an ultrathin
water environment. The results indicate that monoatomic layer removal is achieved under noncontact
and monoatomic layer contact conditions. The new
surface is relatively smooth, and no deformed layer
and plastic defects are present in the subsurface and
within the Cu film. During the nanoscale processing,
the water film transmits the forces from the loading
of the abrasive particle to the Cu surface, and thereby
results in the migration and then removal of the
surface atoms. This is validated by the analysis of the
interatomic interaction forces, and hence, the removal
of the monoatomic layer is governed by the interatomic
adhering action. However, as the scratching depth
increases to 0.5 nm and 1.0 nm, the particle interacts
with the Cu substrate directly and the water film
beneath the particle is easily squeezed out from the
scratching region. This scratching process leads to
the formation of an obvious groove and ridges along

Table 2 Dislocation length in monocrystalline Cu.
Water film thickness (nm)
Scratch depth (nm)
Dislocation length (nm)

0.3

0.5

1.0

–0.2

0.1

0.5

–0.2

0.1

0.5

–0.2

0.1

0.5

1.0

0

0

65.55

0

0

42.33

0

0

28.57

108.01
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both sides of the groove, accumulation of numerous
chips ahead of the particle, and dislocation generation
within monocrystalline Cu. There is a sharp increase
in the interactive particle–Cu force with the increasing
scratching depth. Therefore, the surface atoms are
mainly removed by the plowing action of the abrasive
particle, which increases the surface roughness and
thereby leads to the deterioration of the surface quality.
Clearly, the nanoscale surface process can be obtained
by turning the contact conditions. It is known that
for refined coatings or devices with nodes of 5 nm or
smaller, a 0 nm planarity, zero residual defects and,
possibly, zero polishing pressure are required. This
study indicates that it is possible to bring the goals
closer to us although we cannot achieve the goals
immediately.
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